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Introduction
Optical polarization increasingly is being used to gain information beyond that offered by spectral, spatial, and intensity variations in images for detecting and identifying man-made objects in space, in the air, or on the ground (Tyo et al. 2006 ). This often involves imaging or sensing through the atmosphere, in which case there is an urgent need to understand the naturally occurring polarized light in the atmosphere and how the atmosphere modifies polarized light as it travels along an open-air propagation path.
The clear sky has a distinct pattern of partially polarized light that peaks in a band stretching across the sky 90° from the Sun. Rayleigh scattering theory predicts that the degree of linear polarization (DoLP) in this band of maximum polarization will significantly exceed 90%, but in the real atmosphere multiple scattering reduces the maximum value to between 80 and 90% (Coulson 1988) . Aerosols and cloud particles, which are comparable to or larger than the optical wavelength, alter the pure Rayleigh background through scattering processes that do not follow the simple Rayleigh law. Consequently, predicting the polarization pattern observed in the real atmosphere, under conditions other than those leading to pristine Rayleigh scattering, requires careful treatment of the scattering of light by aerosols and cloud particles (Pust and Shaw 2006 , 2007 , 2009 Pust et al. , 2009a Pust et al. , 2009b Shaw 2007; Shaw et al. 2010) . Furthermore, light reflected from the ground mixes with the polarized skylight, generally reducing the net degree of polarization (DoP) observed in the atmosphere .
In this effort we used an all-sky polarization imaging system that we developed with earlier Air Force research funding (Pust and Shaw 2006; to record carefully calibrated all-sky images of vis-NIR polarization from the ground ), and we used data from that system and supporting meteorological sensors to develop a model of clearsky polarization ). This model is built around a Successive Orders of Scattering (SOS) radiative transfer code (LeNoble et al. 2007 ) provided us by the NASA AERONET program (Holben 1998) . It incorporates measurements of aerosol physical and optical properties and ground reflectance to create accurate simulations of all-sky polarization patterns that we have validated with measured all-sky polarization images ). Because this model includes scattering calculations based on measured aerosol parameters, it exceeds the capabilities of the early MODTRAN-P polarized radiative transfer code version that we used in an earlier comparison (Pust & Shaw 2009 ).
This project produced measurement capabilities, measurement results, and simulation results that greatly enhance our understanding of polarized light scattering in the atmosphere, including the effects of clouds, aerosols, and the underlying surface. Quantifying these effects provides crucial information for the practical use of polarization imaging by the Air Force. The polarization state of skylight and atmospheric modification of polarized light are important for polarimetric object detection or identification because they determine the illuminating conditions for the scene. Under some conditions, an object's polarization signature can even disappear entirely. For example, this has been shown to occur for thermal infrared signatures when the ppolarized emission is comparable to the s-polarized reflection term Fetrow et al. 2000; Gurton et al. 2008 Gurton et al. , 2010 Shaw 1999 Shaw , 2002 Tyo et al. 2007 ), but it also will occur at visible and near-infrared wavelengths if the initial skylight polarization compensated for the polarization that occurs on reflection from the object (Pust et al. , 2009 ).
The Atmospheric Polarization Imager (API) System
In previous research we designed, built, and calibrated an all-sky polarization imager (API) instrument (Pust and Shaw 2009) , and deployed it outdoors continuously since 2009 . This instrument expands the capabilities of previous all-sky polarization imagers to enable the first quantitative studies of sky polarization in partly cloudy skies. For example, it provides real-time digital data and removes the uncertainty of film processing inherent in systems described by North and Duggin (1997) and Horvath et al. (2002) . Our use of electronically tunable liquid crystal variable retarders (LCVRs) allows the API to achieve much faster Stokes-image acquisition than instruments that rely on rotating polarization elements (Cronin et al. 2006; Voss and Liu 1997; Kreuter et al. 2009 ), enabling operation in changing aerosol and cloud conditions without polarization artifacts. The API instrument records a Stokes vector at each pixel of a 1-Mpixel image of the full sky dome in approximately 0.3, depending on the required exposure time (Pust and Shaw 2006) . The four elements of the Stokes vector, or Stokes parameters, completely describe the polarization state of the light detected at each pixel.
These parameters are used to calculate the DoLP, which expresses the percentage of the incident light that is polarized, and the AoP, which expresses the orientation of the polarized light.
The API system achieves rapid polarimetric tuning through the use of LCVRs and a fixed linear polarizer, but relies on a rotating filter wheel for the slower spectral tuning that can be accepted in these studies. The system can be used with a fisheye front-end optics module for allsky imaging, or a telephoto module for remote target polarization signature imaging. The all-sky version has been used also to simultaneously measure the polarization signature of ground-based objects and the changing overhead sky polarization pattern (Pust et al. 2009 ). (2000) and Tyo (2000; . An image is recorded at each retardance state and the set of four images is used to retrieve a system matrix that allows calculation of Stokes vectors at each pixel (Pust and Shaw 2006) . The instrument can record a full 1-MPixel Stokes image of the entire daytime sky in 0.3 s at a single wavelength with DoP uncertainty less than 2% (and usually much better), depending on incident polarization state. A key capability of this system is imaging an all-sky Stokes image rapidly enough to avoid polarization artifacts that otherwise would arise from cloud motion. Whereas the API obtains data rapidly at multiple polarization states, it relies on a slower rotating filter wheel to select one of five wavelength channels defined by 10-nmwide filters (currently at 450, 490, 530, 670, and 780 nm, but easily changed). providing an unprecedented data set that allows atmospheric polarization to be studied as a function of many environmental parameters under widely varying conditions (in fall 2012 operated was temporarily suspended for the camera to be upgraded). The instrument mounted on the left-hand corner of the platform is a sun-sky scanning radiometer, which measures direct solar irradiance and sky radiance in eight spectral bands spread between 340 nm and 1640 nm.
This instrument is part of the world-wide NASA AERONET network (Holben et al. 1998) , from which we obtain retrieved values of aerosol optical properties such as optical depth, particle size distributions, and complex refractive index when the sun is directly visible. 
Atmospheric Polarization Measurements with a Clear Sky
Examples of all-sky images from the API are shown in Figure 3 in mostly clear-sky conditions. The left-hand image is the DoLP, and the right-hand image is the AoP. The band just below the center of each image is the sun occulter that prevents the imager from viewing the sun directly. Thousands of such images have been recorded while the API system has been deployed outdoors nearly continuously since late 2009. This large and varied data base has allowed us to develop and refine new understanding of how the polarization varies with aerosols and surface reflectance, and to a lesser degree, with clouds. During the most recent funding, we progressed to the point that we understand and can predict clear-sky, daytime sky polarization in the Vis-NIR spectral range with quantitative accuracy of a few % or better, as detailed in the following subsections. 
Comparison of Measurements with MODTRAN-P Simulations
One of our original goals in developing the all-sky polarization imager was to provide validation data for validating the polarized radiative transfer code, MODTRAN-P, developed at the Air Force Research Laboratory (AFRL). The comparisons showed that the MODTRAN-P code produces reasonable results in very clean-sky conditions (low aerosol content), particularly at long visible wavelengths Shaw 2009, 2011) . However, with higher aerosol optical depth, the single-scattering version of MODTRAN-P overestimated the degree of polarization, particularly at shorter wavelengths (less than about 630 nm). This comparison highlighted the need for including properly implemented multiple scattering in any code that is used to predict atmospheric polarization. It also emphasized the need for well-characterized aerosol properties.
The details of this comparison were included in our previous report, and they were published in the peer-reviewed literature during this funding cycle . It should be noted also that we recently obtained a copy of the latest version of MODTRAN-P, which does include a multiple-scattering model, but we have not yet had a chance to fully analyze its capabilities.
Effect of Surface Reflectance on Clear-Sky Polarization
In 2008 we deployed our atmospheric polarization imager to the Mauna Loa Observatory (MLO) on the island of Hawaii to measure clear-sky polarization under the cleanest possible conditions that approach pure Rayleigh scattering. This location provided another extremely valuable characteristic, which is a frequently changing surface reflectance. Whereas the volcanic mountain itself is a very dark surface, it is common for clouds to develop at lower elevations and slowly climb up toward the observatory. The result is a continually changing surface reflectance beneath a clear sky, as shown in the photograph of Figure 4 . The continual and rapid change in underlying reflectance allowed us to more quickly and effectively study the influence of surface reflectance on the observed skylight polarization.
We used satellite imagery to determine the effective surface reflectance for the area surrounding the MLO, and processed clear-sky measurements from the two-week experiment to obtain the curve shown in Figure 5 . This curve shows how the maximum clear-sky polarization values became lower as the amount of upwelling radiance from the surface increased. In other words, it indicates the pattern with which the maximum clear-sky DoLP was reduced by increasing reflectance of the underlying surface ). The regression shown in Figure 5 tells us that we can estimate the clear-sky DoLP at a wavelength of 450 nm as 0.54 -0.184 + 0.26exp(-0.006L), where  is an isotropic surface albedo (i.e., reflectance), and L is the upwelling radiance from the surface. Similar regressions at other wavelengths are available in the literature ). This study made it clear that any quantitative analysis or prediction of skylight polarization must also include careful consideration of the underlying surface reflectance. In a future section of this report, we show that a strong wavelength variation of surface reflectance also can produce dramatic changes in the polarization of skylight . 
Figure 4. Atmospheric Polarization Imager deployed in front of a telescope dome, surrounded by black lava rock at the Mauna Loa Observatory on the island of Hawaii. In this photo, clouds have developed to fill the "saddle" region between Mauna Loa and Mauna Kea in the background (home of the Keck and other astronomical telescopes). The frequently changing clouds provided a wide variation in effective surface reflectance below the clear overhead sky. The mechanism for this effect is the mixing of largely unpolarized light reflected from the surface with the otherwise highly polarized light scattered by the atmosphere, resulting in a net

Development of Clear-Sky Polarization Model
During this project, one of our primary objectives was to develop a computer model for predicting clear-sky polarization under realistic conditions. We accomplished this by developing a Matlab program that reads in surface reflectance from satellite images and aerosol parameters from an AERONET solar radiometer and other ground-based aerosol sensors, and uses an SOS radiative transfer code (LeNoble 2007) to perform multiple-scattering calculation to predict the clear-sky polarization that would be observed with the measured aerosol and surface parameters. By running the model for a large number of angles, we can generate simulated all-sky polarization images and thereby compare directly to our observations. These comparisons have shown that we can very reliably and accurately predict the observations, as long as we have access to reliable aerosol and surface-reflectance data ). An example comparison is shown in Figure 6 . The left-hand column in this figure is the measured all-sky image of radiance (top) and DoLP (bottom). The center column is the simulated all-sky image of radiance (top) and DoLP (bottom) (the simulated images do not include the sun occulter). The right-hand column is the difference of measured minus simulated values (radiance on top, DoLP on bottom). It is encouraging that the DoLP differences are within 2% over most of the image.
Figure 6. Measured (left) and simulated (center) all-sky images of radiance (top) and DoLP (bottom). The right-hand column shows difference images of measured -simulated.
Combined Measurements and Simulations for Predicting Polarization Spectra
Our first application of the validated clear-sky polarization model was to use it with measured aerosol parameters and surface reflectance to study Vis-NIR polarization spectra that would be observed under the measured aerosol and surface conditions in various locations around the world. The primary question we were addressing in this study was whether or not there was a simple way of predicting the spectral distribution of skylight polarization. By using aerosol data from AERONET stations around the world, along with coincident satellite measurements of surface reflectance, we were able to determine that the answer to this question is "no -there is no simple way of predicting the expected skylight polarization without knowing aerosol and surface parameters." Said another way, there is no simple spectrum of skylight polarization. In fact, the actual Vis-NIR spectrum of skylight polarization can increase or decrease with wavelength, and can do so in very interesting manners when the underlying surface has a spectrally varying reflectance ).
The broad diversity of wavelength variation in skylight is illustrated in Figure 7 , which shows three spectra of simulated maximum skylight DoLP (simulations based on measured aerosol parameters and surface reflectance spectra). The top curve is a calculation based on aerosol and surface measurements at Barrow, Alaska with a very clean atmosphere that provides nearly Rayleigh-scattering conditions (aerosol optical depth = AOD = 0.02). The underlying surface was tundra observed in September, so it has a very low and spectrally flat reflectance.
The result was a spectrum that very nearly approached the polarization expected for an ideal Rayleigh scattering atmosphere (Pust and Shaw 2006; Coulson 1988) . The middle curve was a calculation based on aerosol and surface reflectance measurements at Ames, Iowa, with modest aerosols (AOD = 0.08) and a mid-summer green vegetation-covered surface. This was a particularly interesting case because the polarization spectra included a rapid drop of polarization at 700 nm, caused by a rapid increase of vegetation reflectance in the NIR. The bottom curve was based on measurements at Saada, Morocco, with high aerosol content (AOD = 0.3) and a desert surface with relatively high and spectrally flat reflectance. 
Effect of Wildfire Smoke Aerosol on Skylight Polarization
As this grant came to a close, we were in the midst of studying the effect of wildfire smoke aerosol on the polarization observed in a cloud-free sky sky. This study focused on measurements obtained on and near August 28, 2012, at Montana State University in Bozeman, Montana. Late on the afternoon of August 28, a relatively smoke-free atmosphere became contaminated on the south side by a smoke plume rising from a newly burning wildfire. Figure 8 is a wide-angle photograph of the plume rising from the mountains to the south and extending across the eastern side of Bozeman. 
